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Abstract 
Surface treatment technology is instrumental to construction material conservation and more specifically 
to preventing decay and improving durability. Surface treatments help protect and consolidate the built 
heritage against material damage, reducing repair and replacement costs. This study assessed the effect 
of two eco-friendly healing agents, one generated by iron-enriched Escherichia coli and the other by mixed 
microbial cultures that metabolise glycerol, a biodiesel processing by-product, to produce 
polyhydroxylalkanoates. Healing was monitored by measuring the water drop absorption rate in cement 
mortar, air lime mortar, ceramic brick, limestone, adobe and compressed earth block.  The agents tested 
lengthened water absorption times in all the materials studied, confirming their efficacy as external repair 
treatments for construction materials.  
Keywords: Eco-friendly bioproduct; Consolidation; Escherichia coli; Mixed microbial culture; Microbial 
induced precipitation; Water absorption; Architectural heritage conservation. 
1. Introduction 
The outdoor surfaces of the built heritage are continually exposed to air pollution and weathering, not to 
mention frequent extreme events associated with global climate change. The surfacing materials in place 
in such structures differ with construction type and date. Stone, earthen mortar and adobe are often found 
in archaeological sites. Ceramic brick and tile, lime mortar and stone commonly appear in Roman sites 
dating back more than 2000 years, for instance. Those three materials were routinely used to surface 
structures up to the first half of the twentieth century, after which new buildings began to be clad in 
cement-based mortars and concrete. Although ceramic brick and tile continued to be used while lime 
mortars disappeared, all three are elements essential to the culture and economics of today’s built 
heritage (Figure 1). 
   
Figure 1. Envelope materials in the Portuguese built heritage: A, earthen mortar at Roça do Casal do 
Meio, a pre-historic site near Sesimbra; B, ceramic brick masonry ceiling in Palácio Vale Flor, Lisbon; C, 
concrete façade on Gulbenkian Foundation headquarters, Lisbon 
Construction material porosity governs the degree of natural and accidental surface ageing and decay. 
Hence the significant role of consolidation in performance and durability. Even in exposed concrete, one 
of the least porous built heritage surfacing materials, porosity is a key to service life [1, 2].  
Surface treatment is a cost-effective approach to improving construction material quality and durability. 
Inorganic substances such as sodium silicate, tetraethoxysilane and other nano-silica based components 
are being used to induce a substantial decrease in water absorption of concrete and cement mortars [3-
A B C 
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8]. Despite concerns around their poor fire resistance and limited service life, organic substance-based 
treatments are also applied for their effective interaction with and concomitant protection of cementitious 
substrates [9, 10]. Chandra et al. [11] reported improved water resistance in Portland cement mortar 
surfaces treated with eco-friendly products such as cactus extract.  
Although sodium and potassium silicates have been applied to stone elements to lower the risk of salt 
damage due to soluble carbonate salt formation, their effect has been observed to be limited due to silica 
gel formation and their slow in-air reactivity [12]. Fluorosilicates have been seen to raise strength [13], 
adversely impacting compatibility with old materials and therefore construction material conservation. 
Acrylates have been shown to bond well and to be highly resistant to ageing [14-16], while the application 
of barium and calcium hydroxides to limestones has also yielded promising results [17]. Calcium oxalate, 
another option, has been ruled out due to the toxicity associated with recurrent exposure [18]. All the 
treatments mentioned are characterised by shallow penetration.  
Tetraethoxysilanes (TEOS) are the consolidants most widely used in stone, including limestone, 
conservation [12, 19, 20]. Some researchers [21-23] have nonetheless contended that TEOS-based 
products exhibit poor chemical and mechanical compatibility with calcareous substrates and in some cases 
low durability and effectiveness. Phosphate-based treatments such as calcium phosphate have been 
proposed in the last 20 years as limestone consolidation agents that elude some of the drawbacks 
attributed to tetraethoxysilanes, such as lengthy curing times and short-lived water repellence [24, 25]. 
Nanolime consolidation efficacy and physical compatibility with coarse porous calcareous materials have 
been verified [26]. More recently, biodegradable polymers (polylactic acid and polyhydroxybutyrate) have 
been used as limestone consolidants with promising results [15]. Both Borsoi et al. [26] and Taglieri et al. 
[27] showed the efficacy of nanolimes for treating air lime mortars. Graziani et al. [28] reported the 
beneficial effect of an ammonium phosphate solution on porous limestone consolidation, while Arizzi et 
al. [29] analyzed the efficacy of calcium hydroxide nanoparticle sprays for improving mortar carbonation 
and compactness.  
In general, the treatment of ceramic (fired clay-based) construction material surfaces with acrylic polymers 
[30, 31] and other synthetic materials such as methyl silicone resin, silicone spray and alkyl-alkoxy-silanes 
[32] proved to raise water repellence only slightly. Sarda et al. [33] and Raut et al. [34] reported better 
results with Sporosarcina pasteurii urease-induced biocalcification of brick masonry. Earthen (unfired clay) 
based construction materials have been successfully waterproofed with silane-siloxane [35], chitosan 
biopolymer [36] and carrageenan [37]. Tests with nanosilica sprays, in contrast, revealed no significant 
post-application change in water absorption [38]. Whilst some market tetraethoxysilanes (Silbond 40, 
Funcosil SAE 300E) have been found to be promising potential consolidants, others (Conservare OH100 
and Funcosil Antihygro) have been observed to be detrimental [39]. The effects of a selection of surface 
treatments on construction materials are summarised in Table 1. 
 
Table 1. Effect of several surface treatments of cement-based, lime-based and earth-based materials, 
stone and ceramic on water absorption 
Material Treatment Water absorption 
decrease (%) 
Reference 
Cement-based materials 
Cement paste Nano-SiO2 1-20 [4] 
Tetraethoxysilane 2-33 
Cement 
mortar 
Cactus extract 83 [11] 
Nano-SiO2 5-8 [3] 
Tetraethoxysilane 29-50 
Silane with TiO2 and SiO2 10 [8] 
Concrete Tetraethoxysilanes  400-700 [7] 
Stone 
Limestone WackerOH100 59 [19] 
Paraloid B-72 110 
Paraloid B-44 79 
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Tetraethoxysilanes  163 
Polyhydroxybutyrate 40 [15] 
Poly-L-lactide 90 
Paraloid B-72 80 
Hydroxyapatite 2 [24] 
Tetraethoxysilane 100 
Hydroxyapatite -1 [25] 
Tetraethoxysilanes  3 
Nanolime 37-42 [26] 
Lime and earth renders and plasters 
Air lime 
mortar 
Nanolimes 60 [27] 
40 [26] 
Ba(OH)2·8H2O 35700 [40] 
Ca(OH)2 0 
Earth mortar Nanosilica dispersions 3 [38] 
Silbond 40 in a 1:1 solution with ethanol 82 [39] 
Conservare OH100 30 
Funcosil SAE 300E 65 
Funcosil Antihygro with Funcosil SAE 300E 72 
Derivates of silicon -16 [35] 
Silane/Siloxane 100 
Fatty acids + Synthetic polymers 28 
Aqueous beeswax emulsion 39 
Ceramic 
Ceramic tile Paraloid B-72 28-99 [31] 
Paraloid B-72 95-100 [30] 
Tetraethoxysilane 75-99 
Polidimetilsiloxane 98-100 
Ceramic brick Methyl silicone resin 8 [32] 
Silicone dispersion solution 9 
Alkyl-alkoxy-silaneoligomer 18 
Sporosarcina pasteurii + OptU 48.9 [34] 
Sporosarcina pasteurii + Nutrient Broth 19.9 
Sporosarcina pasteurii + Brain Heart Infusion 44.6 [33] 
Sporosarcina pasteurii + Nutrient Broth 14.0 
 
A review of the literature revealed that a number of exposed heritage construction materials have been 
surface treated with different products, which appears to be a promising approach, particularly where the 
products used are eco-friendly, affordable, compatible and effective. The pursuit of innovative bioproducts 
compatible with existing materials and able to improve surface quality by consolidating incipient cracks 
and porous substrates would appear to be an ecologically and economically beneficial strategy. Healing, 
contributing to external repair, reducing the cost of maintaining aged materials and enhancing 
construction industry sustainability would be among the advantages. This study explored innovative eco-
friendly bioproducts produced by Escherichia (E.) coli and mixed microbial (MMC) cultures using spent 
glycerol, an industrial waste, as a substrate, to generate surface treatment bioproducts able to reduce 
water absorption in the construction materials normally found on exposed built heritage surfaces.  
 
2. Materials and methods 
2.1. Experimental materials 
The healing effect of the bioproducts tested in this work was firstly tested on samples of adobe, 
compressed earth blocks (CEB) and air lime mortar. These are common materials of architectural and even 
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archaeological heritage, that have low resistance to water and, therefore, with increased needs of 
consolidation to improve its durability. Due to the encouraging results obtained with the aforementioned 
construction materials, the study was extended to other, more resistant, construction materials, also very 
frequent on architectural heritage, such as ceramic brick, limestone and cement mortar. The last-
mentioned construction material, although commonly used since the 20th century, is nowadays showing 
significant repair needs. 
Both air lime and cement mortars were produced with a siliceous sand from Abrantes, Portugal with a bulk 
density of 1.39 kg/dm3 and a fineness modulus of 3.33.  
Cement mortar was produced with a cement CEM II/A-L-32.5 N [41], from Secil Group, Portugal, with a 
loose bulk density of 1.18 kg/dm3. The mortar was formulated with a cement:sand mass proportion of 
1:1.9, that corresponds to a volumetric proportion of 1:3. The lime mortar was produced with a CL90-S 
powder hydrated air lime [42], from Lusical, Lhoist Group, Portugal, with a loose bulk density of 0.36 
kg/dm3 for air lime. The mortar was formulated with an air lime:sand mass proportion of 1:1.5, that 
corresponds to a volumetric proportion of 1:3. For both mortars, 40 mm x 40 mm x 160 mm samples were 
produced in metallic molds and cured for one year at laboratory conditions before specimens were 
prepared. Fired ceramic bricks from Cerâmica Torreense, Portugal, classified as category II, HD, based on 
EN 771-1 [43] were used. The limestone was from a quarry from Sesimbra Region, Portugal. Cubic 
specimens with 40 mm x 40 mm x 40 mm were cut from all previous materials by sawing with a diamond 
saw blade.  
The adobe was non-industrially produced in Oficinas do Convento, with 70 mm x 160 mm x 320 mm, with 
earth from Herdade da Adua, Alentejo, Portugal. The earth used for its production is characterized in Table 
2 and for production a plastic mix of earth and water was just molded. Compressed earth blocks (CEB), 
with 90 mm x 140 mm x 295 mm, were produced with two local earths from Monte de Caparica, Portugal: 
50 % of a silty earth without coarse aggregates and 50 % of coarse sandy soil. The earths had a very low 
content on clay and, therefore, the CEB were stabilized with the addition of 5% of Portland cement CEM 
II/A-L-32.5 N [41], from Secil Group. For CEB production a manual press was used, filled with the moistened 
mix of earth and binders. No humid curing to optimize hydration was performed to achieve a low strength 
CEB. The CEB characterization was performed by Ribeiro et al. [44]. The adobe and CEB samples were cut 
with 40 mm x 65mm x 65 mm by sawing with a diamond saw blade. All samples were dried for 24 h in an 
oven at 60 °C before tested (Figure 2).  
 
Table 2. Adobe earth characterization [45] 
 
Earth constitution Atterberg limits 
Gravel (%) Sand (%) Silt (%) Clay (%) Liquid limit (%) Plastic limit (%) Plasticity index (%) 
1.5 50.6 17.9 30.0 26.47 21.76 5 
 
 
Figure 2. Materials samples before surface treatment. From left to the right: air lime mortar, cement 
mortar, limestone, ceramic brick, adobe and CEB. 
Except for adobe blocks and CEB that would disintegrate when immerged in water, materials were 
characterized by water absorption after 24 h immersion in tap water, based on EN 772-21 [46]. All 
materials were characterized by dry bulk density, based on the dry mass and geometrical dimensions. 
Results are presented in Table 3.  
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Table 3. Water absorption after 24 h immersion and dry density of the materials 
Material Cement 
mortar 
Limestone Air lime 
mortar 
Ceramic 
brick 
Adobe CEB 
Water absorption (%) 7.8 ± 0.2 3.7 ± 0.2 12.1 ± 0.1 10.3 ± 0.2 - - 
Dry density (kg/dm3) 1.95 ± 0.2 2.38 ± 0.7 1.60 ± 0.3 2.00 ± 0.5 1.67 ± 0.6 1.81 ± 0.6 
 
For each construction material triplicate specimens were prepared and tested. To simulate degraded 
surfaces, a cut surface of samples (40 mm x 40 mm) of all materials was treated, with exception of adobe 
and CEB samples, for which a mold surface was treated since the cut surface was very irregular. Samples 
were located on a test room one week before biotreatments to establish uniform laboratory conditions 
(20 ± 2 °C and 40 ± 5% relative humidity). 
2.2. Bioproducts 
The bioproducts used as treatment agents were divided into two different groups. The first group included 
products obtained from Escherichia coli BL21(DE3) cultures [47]. Several E. coli-based bioproducts were 
produced and tested for their waterproofing effect when applied as a surface treatment. The effect of 
different experimental conditions was also assessed, namely, supplement of bacterial culture with iron (5 
mmol/dm3 FeSO4·7H2O), processing such as centrifugation and resuspension, storage conditions of 
bioproduct suspension (4 °C, −20 °C) and application method (capillarity and dropping). A second group of 
products was obtained using waste biomass from mixed microbial cultures (MMC) for 
polyhydroxyalkanoates production process, grown in tap water plus crude glycerol (biodiesel by-product) 
[48]. MMC whole cells suspensions (here designated MMC) and after sonication for disruption of cell walls 
(MMC_S) suspensions were used as bioproducts to treat the surface of the different construction 
materials. Effect of MMC-based bioproducts concentration was also evaluated: low (1), medium (2) and 
high (3) concentration, respectively. For comparison, different control samples were prepared: i) 
untreated; ii) specimens in which the bioproduct was replaced by the same volume of tap water; iii) 
samples treated with the same volume of aqueous iron solution; and iv) samples treated with the culture 
medium supplemented with iron used to growth E. coli cells. A summary of all biotreatments and controls 
is presented on Table 4. 
Table 4. Description and short names of bioproducts/biotreatments and controls 
Treatment  Short name 
Controls  
Control (no treatment) Control 
Reference (tap water)  H2O 
5 mM Fe solution in water H2O +Fe 
Luria Broth with 5 mmol/dm3 Fe solution LB+Fe 
E. coli bioproducts 
 
E. coli culture (2.0 g/L) EC 
E. coli culture supplemented with 5 mmol/dm3 Fe EC+Fe 
E. coli culture supplemented with 5 mmol/dm3 Fe applied to samples by capillarity EC+Fe (↑) 
E. coli culture supplemented with 5 mmol/dm3 Fe after centrifugation and resuspension 
in water 
EC+Fe (?) 
E. coli culture supplemented with 5 mmol/dm3 Fe stored at 4 °C for 48 h EC+Fe (4°C_48h) 
E. coli culture supplemented with 5 mmol/dm3 Fe stored at −20 °C for 48 h EC+Fe (-20°C_48h) 
MMC-glycerol bioproducts 
 
MMC grown with crude glycerol, low concentration (0.39 g/L) MMC_Gly_1 
MMC grown with crude glycerol, medium concentration (0.59 g/L) MMC_Gly_2 
MMC grown with crude glycerol, high concentration (1.18 g/L) MMC_Gly_3 
MMC grown with crude glycerol after sonication, low concentration (0.25 g/L) MMC_Gly_S1 
MMC grown with crude glycerol after sonication, medium concentration (0.38 g/L) MMC_Gly_S2 
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MMC grown with crude glycerol after sonication, high concentration (0.76 g/L) MMC_Gly_S3 
 
As the bacterial cultures were applied to the materials directly, they continued to generate 
polyhydroxyalkanoates after application. In the absence of controlled growth conditions, however such 
subsequent PHA production was insignificant. 
 
2.3. Bioproduct surface treatment and test method 
Due to the large number of variables (bioproducts and construction materials) some materials were not 
treated with all bioproducts. Most bioproducts were applied onto the surface of construction materials by 
dropping into a 3 x 3 grid of 9 addition points in a surface of 40 mm x 40 mm in a total of 2 cm3 of each 
bioproduct suspensions using a pipette. The exception was EC+Fe bioproduct, where the solution was also 
applied by capillarity. For the last method, 2 cm3 of bioproduct were transferred to Petri dishes and 
samples were placed on top of the liquid with the test surface facing down; when all bioproduct was 
absorbed samples were turned upside down.  
Five days after the treatment, the healing effect was assessed by testing for water droplet absorption,, 
which consisted in measuring the time in seconds needed for a droplet dripped onto the surface of the 
sample to be completely absorbed, as attested by the loss of sheen (Figure 3). This test allows evaluating 
the permeability variation of biotreated surfaces by monitoring the rate of absorption of a 0.1 cm3 drop of 
water, that is, the time required for a material to fully absorb a water drop under open air conditions. The 
absorption period of time was video-recorded. The surface of all treated samples was observed visually 
and compared with the different control samples in order to assess color change.  
 
 
Figure 3. Water drop absorption test 
The effect of the most efficient of each biotreatment was further characterized by a variable pressure 
scanning electron microscope (VP-SEM-EDS) HITACHI 3700N coupled with an energy-dispersive X-ray 
spectrometer BRUKER Xflash 5010 SDD operated at 20 kV in high vacuum and Secondary Electrons mode. 
3. Results and discussion 
3.1. Water drop absorption for adobe, CEB and air lime mortar samples 
In a first approach, only adobe, CEB and air lime mortar samples were biotreated and compared with 
controls, to uncertain the best experimental variables. As such, the effect of iron in the E. coli products 
and the sonication step and concentration on the MMC-based bioproducts were tested in these three 
types of construction materials. The treatments did not alter the aesthetics color of the materials. The 
results of the waterproof effect are graphically represented in Figure 4.  
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Figure 4. Water drop absorption time of surface treated adobe, CEB and air lime mortar 
Analysis of Figure 4 reveals that the efficacy of each biotreatment is dependent on the construction 
material. In the tested conditions, the EC+Fe bioproduct applied by dropping was most efficient in air lime 
mortar, while for adobe and CEB, the best results were obtained with the sonicated MMC-base product at 
higher concentration (MMC_Gly_S3). In all three materials, the sonicated MMC-based products presented 
a better water barrier effect, that can most probably be explained by the release of the cellular content, 
namely carbon-based polymers as polyhydroxyalkanoates, produced as intracellular granule inclusions, 
that were able to form a biofilm on the surface of biotreated samples. When, assessing the effect of 
increasing concentrations of bioproduct, the highest concentration was beneficial in all materials. Thus, 
when adobe and CEB samples were treated with the most concentrated bioproduct MMC_Gly_S3, the 
water drop was totally absorbed in an average time of 133 ± 26 s (131 s and 135 s, respectively, versus 7 ± 
0.2 s and 9 ± 0.6 s for the untreated control samples), representing an improvement of 1763 % for treated 
adobe and 1411 % for CEB. When adobe and CEB samples were treated with the medium concentrated 
bioproduct (MMC_Gly_S2) the absorption time was around 88 s and when the most diluted bioproduct 
was applied (MMC_Gly_S1), the absorption time was 63 ± 36 s. Based on these results, one can conclude 
that the behavior of these two types of materials towards the MMC-derived bioproducts was similar, and 
can be explained by the fact that both are earth-based materials with similar mechanical and durability 
properties. The consolidation effect was less expressive when the E. coli bioproducts were used to treat 
the surface of adobe and CEB samples. In the case of CEB, the most efficient treatment was with EC, 
presenting an absorption time of 34 ± 2 s. 
For air lime mortar samples the time for absorption of a drop of water was much smaller than for the 
previous materials, 2.4 ± 0.3 s for the EC+Fe bioproduct (876% improvement when compared with the 
untreated control), and for treatments with EC or MMC_S at high concentration, around 1.5 ± 0.2 s. In fact, 
for treated lime mortar the bioconsolidation effect was almost two order of magnitude smaller than the 
maximum observed for the earthen-based materials. As the density of the three materials is similar, the 
difference may be due to the composition, namely the lamellar clayish particles that exist in adobe and 
CEB.  
 
3.2. Water drop absorption for cement mortar, limestone and ceramic brick 
In a second experimental campaign, the consolidation effect of bioproducts was evaluated in cement 
mortar, limestone and ceramic brick. In addition to the E. coli bioproducts used before, the EC+Fe 
bioproduct (E. coli cells cultured with 5 mmol/dm3 of iron sulfate) was stored at 4 oC and at −20 oC for 48 
h before application, to study the stability of the bioproduct during storage, for construction and 
conservation site utilization. The application mode was also studied, capillarity and dropping with a 
micropipette. In parallel, to analyze the role of LB medium in the observed waterproof effect, LB medium 
present in the EC+Fe bioproduct was removed by centrifugation and replaced by the same volume of tap 
water. For the MMC bioproducts, only the highest concentration was tested for both sonicated and non-
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sonicated biomass. Also, for these materials, the surface color did not changed. Results are presented in 
Figure 5.  
 
 
 
 
 
 
 
 
 
Figure 5. Water drop absorption time of surface treated cement mortar, limestone and brick 
Analyzing the water barrier effect of treatments with E. coli derived bioproducts, one can conclude that 
the presence of iron contributes to a more efficient biotreatment, as observed before. The most promising 
results were obtained when the EC+Fe bioproduct was applied by capillarity to cement mortars and 
limestone samples. Even with ceramic brick, this treatment showed a water absorption time similar, within 
the experimental error, to the EC+Fe stored at 4 oC for 48 h. This could be due to a more homogeneous 
distribution of the bioproduct over the treated surface. In all tested samples, the presence of LB culture 
medium did not seem to contribute to the consolidation (EC+Fe versus EC+Fe?). In some cases, the storage 
process improved the efficacy of the biotreatment. That was the case of limestone samples biotreated 
with the EC+Fe product kept at 4oC for 48 h before application (EC+Fe (4°C_48h)), in which an improvement 
of 75% in comparison with the samples treated with the EC+Fe applied immediately after production of 
the bioproduct (EC+Fe). A more significant effect was also observed in ceramic brick samples, with water 
absorptions times 180 % higher. For cement mortar samples, the storage at 4 oC did not seem to affect the 
consolidation (17 ± 0.1 s versus 14 ± 0.4 s, for EC+Fe (4°C_48h) and EC+Fe, respectively). When exposed to 
a cold shock, bacterial cells cope with the stress, producing a set of specific proteins, increasing the 
membrane permeability and decreasing its fluidity, and reducing the efficiency of several metabolic 
processes, promoting cellular aggregation and biofilm formation [49, 50]. The water resistance 
enhancement observed in biotreated limestone and brick samples could be due to the alteration of 
bacterial physiology. When the bioproducts were stored at −20 oC for 48 h, the absorption time was slightly 
increased in treated cement mortars (21 ± 2.7 s versus 14 ± 0.4 s for EC+Fe) and about 191 % higher for 
limestone samples (901 ± 144 s). No significant changes were observed for brick samples. The freezing-
thaw process promotes cell lysis, releasing the cellular content, that can enhance the waterproof effect of 
biological products. 
None of the storage temperatures tested induced repair more effectively than any other. -Whilst cement 
mortar and limestone exhibited higher performance after product storage at -20 °C, consolidation was 
more effective in brick after 4 °C storage. Under both conditions, however, the effect on water absorption 
was greater than when E. coli was applied directly with no prior product storage. 
Capillarity-based application yielded better results than dripping treatments onto the horizontal surface 
of the samples.  
As for treatment of the three construction materials with the MMC bioproducts, sonicated ones were 
more effective than non-sonicated, with an increase of about 25 %. As mentioned before, release of 
intracellular components enhances the consolidation effect. 
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3.3. Summary of results of most effective treatments 
Figure 6 presents the most efficient treatments for each tested material. A summary of all results is 
presented in Table S1 on the supplementary data.   
 
 
 
 
 
 
 
 
 
 
Figure 6. A synthesis of the three most effective surface treatments for the six materials tested 
3.4. SEM-EDS results 
The most efficient biotreatments, i.e., those that retarded water droplet absorption the longest, were 
further analyzed on an EC+Fe drip-treated brick sample and an MMC_Gly_S3-treated adobe sample under 
a variable pressure scanning electron microscope coupled to an energy dispersive X-ray spectrometer 
(SEM-EDS). As expected, aluminum and silicon were the predominant elements in the brick sample (Figure 
7), whilst the detection of carbon and oxygen denoted the presence of organic matter. The sodium, 
potassium, chloride and phosphorus identified would have been sourced from the LB culture medium 
used to grow E. coli cells. The micrograph in Figure 7 shows that the carbon was not distributed uniformly, 
but located primarily in pits in the construction material, a circumstance consistent with the development 
of a surface crack-sealing biofilm. Such distribution might also explain the wide standard deviation in 
water absorption times in some samples. Element distribution in the MMC_Gly_S3-treated adobe 
samples (Figure 8) was similar to that observed for the EC+Fe-treated brick material. The exception was 
the absence of sodium and chloride, for the MMC_Gly_S3 did not contain the medium used to grow E. 
coli. Figure 8 reveals the uneven distribution of carbon in the adobe also, where it was located in a manner 
compatible with the possible existence of a biofilm.  
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Figure 7. SEM-EDS micrograph (500x magnification) of an EC+Fe-treated brick sample with the EDS 
elemental distribution map (yellow=Al, red=Si and blue=C) and respective EDS spectrum 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. SEM-EDS micrograph (500x magnification) of an MMC_Gly_S3-treated adobe sample with the 
EDS elemental distribution map (red=Al, yellow=Si and blue=C) and respective EDS spectrum 
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3.5. Discussion 
Comparison of the effect of surface treatments on water absorption and permeability of different 
construction materials to water is not straightforward, due to the diversity of matrix compositions used in 
different studies reported in the literature and the different test procedures used to assess it. 
Nevertheless, the water absorption capacity of various construction materials surface treated with 
different products were summarized in Table 1. 
The results obtained in the present work, namely the treatments of cement mortar samples with 
bioproducts EC+Fe by capillarity (EC+Fe (↑)) and sonicated MMC at high concentration (MMC_Gly_S3) by 
dropping, with improvements of, respectively, 1096 % and 912 % of water absorption time versus 
untreated samples (Control) were more effective than cactus extract, nano-SiO2 or tetraethoxysilane 
agents studied by Chandra et al. [11], Hou et al. [3] and Subbiah et al. [8]. 
For limestone samples, surface treatment by applying EC+Fe bioproduct by capillarity and MMC_Gly_S3 
by dropping, increased their waterproof effect 694 % and 382 %, respectively, being more efficient than 
hydroxyapatite, tetraethoxysilane, polyhydroxybutyrate, poly-L-lactide and nanolime, applied in other 
studies [15, 19, 24-26]. 
Raut et al. [34] and Sarda et al. [33] used Sporosarcina pasteurii cultures to treat brick samples, achieving 
a decrease in water absorption up to about 49 %, less expressive than the result obtained with all the 
bioproducts from E. coli and MMC tested in the present work, which showed reductions from 341 % up to 
1712 %. 
Concerning adobe and CEB samples, all treatments were more efficient (Table S1) than other agents, 
previously used on earth plasters, as aqueous beeswax emulsion, fatty acids and silane [35, 38, 39]. 
Nevertheless, the most efficient treatments were obtained by applying the MMC_Gly_S3 bioproduct by 
dropping, with a water proofing effect enhanced by 1763 % in the treated adobe case and 1411 % in 
treated CEB samples. 
Finally, comparing the effects of the studied bioproducts on air lime mortar samples, all treatments with 
E. coli and MMC bioproducts, showed higher waterproof effect (from 76 % up to 876 % water absorption 
reductions) than the obtained by nanolime treatments tested by Taglieri et al. [27] and Borsoi et al. [26]. 
However, Slížková et al. [40] obtained a greater waterprooding effect treating air lime mortar with barium 
hydroxide. 
While for adobe and CEB materials the MMC_Gly_S3 bioproduct proved to be more effective (up to 1411-
1763 % improvements), for all other construction material, EC-based bioproducts were preferable. For air 
lime mortar the efficacy of treatments was less expressive; that can be justified by the high pH of air lime 
mortars, around 9 after carbonation [51], that can affect the formation of a biofilm on the treated surface. 
 
4. Conclusions 
The E. coli and the MMC crude glycerol-based bioproducts did not change the aesthetic of the surfaces of 
the tested materials. The tested E. coli-based bioproducts produced delayed the time for water absorption, 
; being the most efficient treatment  the E. coli culture supplemented with iron bioproduct. This bioproduct 
kept its activity after refrigeration or freezing (4°C and -20°C) and, in some cases, conditioning enhanced 
the water barrier effectrelative to direct application of the E. coli culture immediately after substance 
generation. Neither storage condition was clearly better than the other, however, with performance 
depending on the material treated. 
Treatments with MMC grown with crude glycerol bioproduct resulted in an increase of the time to water 
absorption in all tested material. The sonicated bioproduct achieved a greater healing effect when 
compared with the non-sonicated MMC ones. Higher concentrations of bioproducts improved the 
waterproof effects. When tested, the application method by capillarity optimized the effect in comparison 
to dropping on the horizontal surface of samples. 
Both types of bioproducts are eco-friendly. The main goal of MMC cultivation was the production of 
polyhydroxyalkanoates, a biodegradable polymer candidate to replace most petrochemical-derived 
plastics. This process used non-sterile conditions for biomass growth, since mixed cultures, as opposite to 
pure cultures, were grown together with the utilization of a by-product of biodiesel manufacture as carbon 
12 
 
substrate. Additionally, the room temperature operation and a simple medium for biomass growth also 
have a positive impact on process costs. A third advantage of this utilization is that only waste biomass 
was used, and it did not interfere with the main goal of the MMC cultivation that was the production of 
polyhydroxyalkanoates. The healing process proposed here using MMC could be integrated in an 
enhanced biorefinery, where the use of natural/renewable resources are preferred. In the case of E. coli 
even though the process for growing biomass would be more expensive, their wider application on most 
of the materials tested could counteract this fact. The utilization of iron for the EC+Fe production could be 
provided by an industrial waste. 
In comparison with the results of water absorption decrease of surface treatments previously applied on 
the same type of materials, it seems that both the E. coli-based and the MMC crude glycerol-based 
bioproducts are significantly effective, what justifies the continuation of this line of research, searching for 
a detailed evaluation of repair effect and durability of the bioagents after aging. 
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Appendix A. Supplementary data 
The following table is Supplementary data to this article: 
 Improved resistance against water ingress (%) 
Treatment Adobe CEB Air Lime Mortar 
H2O -70 -80 -20 
H2O+Fe -46 -81 8 
LB+Fe 227 -19 320 
EC 505 287 508 
EC+Fe 689 -1 876 
MMC_Gly_1 213 152 104 
MMC_Gly_2 -42 -56 220 
MMC_Gly_3 691 532 496 
MMC_Gly_S1 786 602 76 
MMC_Gly_S2 1134 891 288 
MMC_Gly_S3 1763 1411 508 
 Improved resistance against water ingress (%) 
Treatment Cement Mortar Limestone Brick 
H2O -19 -47 -58 
H2O+Fe -32 -82 -68 
LB+Fe 82 -42 25 
EC 160 56 525 
EC+Fe 292 179 548 
EC+Fe (↑) 1096 694 1424 
EC+Fe (?) 328 173 405 
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EC+Fe (4˚C_48h) 370 389 1712 
EC+Fe (-20˚C_48h) 464 713 341 
MMC_Gly_3 601 310 636 
MMC_Gly_S3 912 382 738 
Table S1: Waterproof effect of different biotreatments on adobe, CEB, air lime mortar, cement mortar, 
limestone and brick samples, showing the time of water droplet absorption, expressed by seconds with 
standard deviation, and the water absorption decrease, expressed by percentage. 
References 
[1] Safiuddin, M. Concrete damage in field conditions and protective sealer and coating systems. Coatings, 
7 (2017) 1-22. https://doi.org/10.3390/coatings7070090 
 
[2] Sadowski, Ł., Stefaniuk, D. The effect of surface treatment on the microstructure of the skin of concrete, 
Applied Surface. Science. 427 (2017) 934-941. https://doi.org/10.1016/j.apsusc.2017.09.078 
[3] Hou, P., Cheng, X., Qian, J., Shah, S.P. Effects and mechanisms of surface treatment of hardened 
cement-based materials with colloidal nanoSiO2 and its precursor. Construction and Building Materials, 53 
(2014) 66-73. https://doi.org/10.1016/j.conbuildmat.2013.11.062 
[4] Hou, P., Cheng, X., Qian, J., Zhang, R., Cao, W.  Shah, S.P. Characteristics of surface-treatment of nano-
SiO2 on the transport properties of hardened cement pastes with different water-to-cement ratios. 
Cement and Concrete Composites, 55 (2015) 26-33. https://doi.org/10.1016/j.cemconcomp.2014.07.022 
[5] Jia, L., Shi, C., Pan, X., Zhang, J., Wu, L. Effects of inorganic surface treatment on water permeability of 
cement-based materials. Cement and Concrete Composites, 67 (2016) 85-92. 
https://doi.org/10.1016/j.cemconcomp.2016.01.002 
[6] Jiang, L., Xue, X., Zhang, W., Yang, J., Zhang, H., Li, Y., Zhang, R., Zhang, Z., Xu, L., Qu, J. The investigation 
of factors affecting the water impermeability of inorganic sodium silicate-based concrete sealers, 
Construction and Building Materials, 93 (2015) 729-736. 
https://doi.org/10.1016/j.conbuildmat.2015.06.001 
[7] Pigino, B., Leemann, A., Franzoni, E., Lura, P. Ethyl silicate for surface treatment of concrete–Part II: 
characteristics and performance. Cement and Concrete Composites, 34 (2012) 313-321. 
https://doi.org/10.1016/j.cemconcomp.2011.11.021 
[8] Subbiah, K., Park, D.J., Lee, Y.S., Velu, S., Lee, H.S., Jang, H.O., Choi, H.J. Development of water-repellent 
cement mortar using silane enriched with nanomaterials. Progress in Organic Coatings, 125 (2018) 48-60. 
https://doi.org/10.1016/j.porgcoat.2018.08.021 
[9] Pan, X., Shi, Z., Shi, C., Ling, T.C., Li, N. A review on concrete surface treatment Part I: Types and 
mechanisms. Construction and Building Materials, 132 (2017) 578-590. 
https://doi.org/10.1016/j.conbuildmat.2016.12.025 
[10] Sánchez, M., Faria, P, Ferrara, L., Horszczaruk, E., Jonkers, H.M., Kwiecień, A., Mosa, J., Peled, A., 
Pereira, A.S., Snoeck, D., Stefanidou, M., Stryszewska, T., Zając, B. External treatments for the preventive 
repair of existing constructions: A review. Construction and Building Materials, 193 (2018) 435-452. 
https://doi.org/10.1016/j.conbuildmat.2018.10.173 
[11] Chandra, S., Eklund, L., Villareal, R.R. Use of Cactus in Mortars and Concrete. Cement and Concrete 
Research 28 (1998) 41-51. https://doi.org/10.1016/S0008-8846(97)00254-8 
[12] Siegesmund, S., Snethlage, R. Stone in Architecture – Properties, Durability, 5th Edition, Springer. 
(2014) https://doi.org/10.1007/978-3-642-45155-3 
14 
 
[13] Nijland, T.G. Van de Frans-Duitse oorlog van 1870 tot 20e eeuwse restauratie: fluaten, Symposium 
Monumentenkennis, (2016) Amersfoort. 
[14] Baglioni, P., Chelazzi, D., Giorgi, R., Poggi, G. Colloid and materials science for the conservation of 
cultural heritage: cleaning, consolidation, and deacidification. Langmuir, 29 (2013) 5110-5122. 
https://doi.org/10.1021/la304456n 
[15] Kaplan, Z., Böke, H., Sofuoglu, A., İpekoğlu, B. Long term stability of biodegradable polymers on 
building limestone. Progress in Organic Coatings, 131 (2019) 378-388. 
https://doi.org/10.1016/j.porgcoat.2019.03.004 
[16] Van Hees, R.P.J., Larbi, J.A. The conservation of the sculpture work of the National Monument in 
Amsterdam. Proceedings of the 9th International Congress on Deterioration and Conservation of Stone.V. 
Fassina. Venice, 1 (2000) 523-531. 
[17] Delgado-Rodrigues, J., Ferreira-Pinto, A. P. Laboratory and onsite study of barium hydroxide as a 
consolidant for high porosity limestones. Journal of Cultural Heritage, 19 (2016) 467-476. 
https://doi.org/10.1016/j.culher.2015.10.002 
[18] Matteini, M. Inorganic treatments for the consolidation and protection of stone artefacts. 
Conservation Science in Cultural Heritage, 8 (2008) 13-27. https://doi.org/10.6092/issn.1973-9494/1393 
[19] Abdellah, M.Y., Gelany, A.F., Mohamed, A.F., Khoshaim, A.B. Protection of Limestone Coated with 
Different Polymeric Materials. Journal of Mechanical Engineering, 5 (2017) 51-57. 
http://pubs.sciepub.com/ajme/5/2/3 
[20] De Clercq, H., De Zanche, S., Biscontin, G. The influence of application schedules on the effectiveness 
of ethyl silicate based consolidants for brick and limestone. Restoration of Buildings and Monuments, 14 
(2008) 283-294. https://doi.org/10.1515/rbm-2008-6229 
[21] Hansen, E., Doehne, E., Fidler, J., Larson, J., Martin, B., Matteini, M., Rodrigues-Navarro, C., Sebastian 
Pardo, E., Price, P., de Tagle, A., Teutonico, J.M., Weiss, N. A Review of selected inorganic consolidants and 
protective treatment for porous calcareous materials. Review in Conservation, 4 (2003) 13-25. 
https://doi.org/10.1179/sic.2003.48.Supplement-1.13 
[22] Ferreira-Pinto, A.P., Delgado-Rodrigues, J. Consolidation of carbonate stones: influence of treatment 
procedures on the strengthening action of consolidants. Journal of Cultural Heritage, 13 (2012) 154-166. 
https://doi.org/10.1016/j.culher.2011.07.003 
[23] Van Hees, R.P.J., Naldini, S., Roos, J. Durable Past – Sustainable Future, TU-Delft, Heritage & 
Architecture. (2014) http://dx.doi.org/10.13140/2.1.5056.6726 
[24] Sassoni, S., Graziani, G., Franzoni. E. An innovative phosphate-based consolidant for limestone. Part 
1: Effectiveness and compatibility in comparison with ethyl silicate. Construction and Building Materials, 
102 (2015) 918-930. https://doi.org/10.1016/j.conbuildmat.2015.04.026 
[25] Sassoni, S., Graziani, G., Franzoni. E. An innovative phosphate-based consolidant for limestone. Part 
2: Durability in comparison with ethyl silicate. Construction and Building Materials, 102 (2016) 931-942. 
https://doi.org/10.1016/j.conbuildmat.2015.10.202 
[26] Borsoi, G., Lubelli, B., Van Hees, R., Veiga, R., Silva, A.S. Evaluation of the effectiveness and 
compatibility of nanolime consolidants with improved properties. Construction and Building Materials, 142 
(2017) 385-394. https://doi.org/10.1016/j.conbuildmat.2017.03.097 
15 
 
[27] Taglieri, G., Daniele, V., Rosatelli, G., Sfarra, S., Mascoloc, M.C., Mondellid, C. Eco-compatible 
protective treatments on an Italian historic mortar (XIV century). Journal of Cultural Heritage 25 (2017) 
135–141. http://dx.doi.org/10.1016/j.culher.2016.12.008 
[28] Graziani, G., Sassoni, E., Scherer, G.W., Franzoni, E. Penetration depth and redistribution of an 
aqueous ammonium phosphate solution used for porous limestone consolidation by brushing and 
immersion. Construction and Building Materials, 148 (2017) 571-578. 
https://doi.org/10.1016/j.conbuildmat.2017.05.097 
[29] Arizzi, A., Gomez-Villalba, L.S., Lopez-Arce, P., Cultrone, G., Fort, R. Lime mortar consolidation with 
nanostructured calcium hydroxide dispersions: the efficacy of different consolidating products for heritage 
conservation. European Journal of Mineralogy, 27 (2015) 311-323. 
https://doi.org/10.1127/ejm/2015/0027-2437 
[30] Constâncio, C., Franco, L., Russo, A., Anjinho, C., Pires, J., Vaz, M.F., Carvalho, A.P. Studies on polymeric 
conservation treatments of ceramic tiles with Paraloid B-72 and two alkoxysilanes. Journal of Applied 
Polymer Science, 116 (2010) 2833-2839. https://doi.org/10.1002/app.31743 
[31] Vaz, M.F., Pires, J., Carvalho. A.P. Effect of the impregnation treatment with Paraloid B-72 on the 
properties of old Portuguese ceramic tiles. Journal of Cultural Heritage 9 (2008) 269-276. 
https://doi.org/10.1016/j.culher.2008.01.003 
[32] Barnat-Hunek, D., Smarzewski, P. Increased water repellence of ceramic buildings by 
hydrophobisation using high concentration of organic solvents. Energy and Buildings, 103 (2015) 249-260. 
https://doi.org/10.1016/j.enbuild.2015.06.048 
[33] Sarda, D., Choonia, H., Sarode, D., Lele, S. Biocalcification by Sporosarcina pasteurii urease: a novel 
application. J Ind Microbiol Biotechnol 36 (2009) 1111-1115. https://doi.org/10.1007/s10295-009-0581-4 
[34] Raut, S., Sarode, D., Lele, S. Biocalcification using B. pasteurii for strengthening brick masonry civil 
engineering structures. World J Microbiol Biotechnol 30 (2014) 191-200. https://doi.org/10.1007/s11274-
013-1439-5 
[35] Stazi, F., Nacci, A., Tittarelli, F., Pasqualini, E., Munafò, P. An experimental study on earth plasters for 
earthen building protection: The effects of different admixtures and surface treatments. Journal of Cultural 
Heritage, 17 (2016) 27-41. https://doi.org/10.1016/j.culher.2015.07.009 
[36] Aguilar, R., Nakamatsu, J., Ramírez, E., Elgegren, M., Ayarza, J., Kim, S., Pando, M.A., Ortega-San-
Martin, L. The potential use of chitosan as a biopolymer additive for enhanced mechanical properties and 
water resistance of earthen construction. Construction and Building Materials, 114 (2016) 625-637. 
https://doi.org/10.1016/j.conbuildmat.2016.03.218 
[37] Nakamatsu, J., Kim, S., Ayarza, J., Ramírez, E., Elgegren, M., Aguilar, R. Eco-friendly modification of 
earthen construction with carrageenan: Water durability and mechanical assessment. Construction and 
Building Materials, 139 (2017) 193-202. https://doi.org/10.1016/j.conbuildmat.2017.02.062 
[38] Camerini, R., Chelazzi, D., Giorgi, R., Baglioni, P. Hybrid nano-composites for the consolidation of 
earthen masonry. Journal of Colloid and Interface Science, 539 (2019) 504-515. 
https://doi.org/10.1016/j.jcis.2018.12.082 
[39] Ferron, A., Matero, F.G. A comparative study of ethyl-silicate-based consolidants on earthen finishes. 
Journal of the American Institute for Conservation, 50 (2011) 49-72. 
https://doi.org/10.1179/019713611804488964 
16 
 
[40] Slízková, Z., Drdácky, M., Viani, A. Consolidation of weak lime mortars by means of saturated solution 
of calcium hydroxide or barium hydroxide. Journal of Cultural Heritage, 16 (2015) 452-460. 
https://doi.org/10.1016/j.culher.2014.09.003 
[41] EN 197-1 (2011). Cement. Part 1: Composition, specifications and conformity criteria for common 
cements. CEN, Brussels. 
[42] EN 459-1 (2015). Building lime. Part 1: Definitions, specifications and conformity criteria. CEN, 
Brussels. 
[43] EN 771-1 (2011). Specification for masonry units; Part 1: Clay masonry units. CEN, Brussels. 
[44] Ribeiro, D., Silva, V., Faria, P. Characterization of compressed earth blocks masonry (in Portuguese). 
TEST&E 2016 – Congresso de Ensaios e Experimentação em Engenharia Civil. Lisbon, IST, 4-6 July 2016, ID: 
01014. Neves, J., & Ribeiro, A. (eds.), e DOI: 10.5281/zenodo.164637 
[45] Gomes M.I., Gonçales T., Faria, P. Unstabilised Rammed Earth: Characterization of Material Collected 
from Old Constructions in South Portugal and Comparison to Normative Requirements. International 
Journal of Architectural Heritage (2012) https://doi.org/10.1080/15583058.2012.683133 
[46] EN 772-21 (2011). Methods of test for masonry units; Part 21: Determination of water absorption of 
clay and calcium silicate masonry units by cold water absorption. CEN, Brussels. 
[47] Parracha, J., Pereira, A., Velez da Silva, R., Almeida, N., Faria, P. Efficacy of iron-based bioproducts as 
surface biotreatment for earth-based plastering mortars. Journal of Cleaner Production, 237 (2019) 
117803. https://doi.org/10.1016/j.jclepro.2019.117803 
[48] Freches, A., Lemos, P.C. Microbial selection strategies for polyhydroxyalkanoates production from 
crude glycerol: Effect of OLR and cycle length. New Biotechnology, 39 (2017) 22-28. 
https://doi.org/10.1016/j.nbt.2017.05.011 
[49] Keto-Timonen, R., Hietala, N., Palonen, E., Hakakorpi, Lindström, M., Horkeala, H. Cold Shock Proteins: 
A Minireview with Special Emphasis on Csp-family of Enteropathogenic Yersinia, Frontiers in Microbiology, 
7 (2016) 1-7. https://doi.org/10.3389/fmicb.2016.01151 
[50] Shahriar, A., Islam, S., Hossain, M.F., Emran, T.B. Cold Shock and Thawing Effect on the Growth of 
Escherichia coli. EC Microbiology, 15 (2019) 36-43. 
[51] Veiga, R. Air lime mortars: What else do we need to know to apply them in conservation and 
rehabilitation interventions? A review. Construction and Building Materials 157 (2017) 132-140. 
https://doi.org/10.1016/j.conbuildmat.2017.09.080 
